With the impending ban on disposal of sewage sludge to sea, a reliable method of incorporating sewage sludge into cropped arable land would provide an alternative outlet for water companies. However, certain criteria must be met before widespread acceptance of such a system could be achieved. In particular, it is essential that odour and ammonia emissions and damage to the growing crop are minimized. The most promising way forward appears to be placement of the bio-solids below the soil surface using tine injectors.
proposed disposal system regardless of the method of application, and reductions in ammonia emissions of up to 80%, (300 mgNH N/m), may be possible using the improved injection system over the Greentrac slipper foot injector. Results from an application in May, using a stronger source (pig slurry), indicate that a 60% reduction in odour, significant at the 85% level of confidence, can be achieved through the adoption of the improved injection system. Similarly, ammonia volatilization following the same application was significantly reduced ('1000 mg NH N/m) by the use of a shallow injection method (at the 95% level of confidence) compared with surface application. The results from the May application indicate a significant trend towards further reductions (up to 200 mg NH N/m) in ammonia emissions using the improved injector tine.
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Introduction
The application of sewage sludge to agricultural land is widely recognized as the best practical environmental option for the disposal of this type of waste, 1 and with the impending EC ban on the disposal of waste to sea at the end of 1998, reliance on this outlet is expected to increase. In the Anglian Water region of the United Kingdom, some 140 000 dry tonnes of sewage sludge are produced each year, of which 83% is disposed of to agricultural land 2 and this figure is expected to increase. Current injection technology involves either deep injection 3 ('0)15 m) into grassland or agricultural stubble or shallow injection 4 (+0)05 m) into grassland. The ability to inject bio-solids into cropped arable land has the potential to increase the land area available for application 4,5 from 5)6 Mha to approximately 9)6 Mha.
The injection of bio-solids into soil has been carried out for many years following the work of Smith et al., and Downs et al. 7 Earlier systems comprised simple chisel-type tines with associated umbilical supply systems. Much significance was placed on the ability of injection to reduce the odour emissions; however, older systems were destructive to the soil and the crop as a consequence of an operating depth greater than 150 mm, and were expensive in terms of power requirement and time taken. Negi et al., 3 developed a basic liquid manure injector capable of applying appropriate quantities of manure at depths as little as 100 mm with high application rates being possible on soils of high permeability. Detailed field studies by Warner and Godwin 8 suggested that the use of wings on tine injectors were preferable to simple tines as disturbance and hence sludge distribution in the soil was more uniform. Using wings on injector tines also enables larger volumes to be injected at shallower depths. The application of a press wheel following the tine was found to improve slot closure and a leading tip on the injector tine to reduce soil disturbance.
9 In order to reduce power requirements and crop damage, a shallow injector tine with wings has been developed at Silsoe College which is capable of injecting at least 50 m/ha of bio-solid matter at depths of as little as 50 mm without significantly increasing soil disturbance compared with existing injector systems. The use of wings has been incorporated into the design to enhance the soil mixing characteristics, and reduce the penetration force requirements of the tine to encourage more efficient incorporation of bio-solids into the land.
The environmental implications to be considered when developing this new technology include the losses of ammonia through volatilization and the nuisance caused by the odour associated with sludge application. It has been suggested that emissions of ammonia could be damaging to the environment, 10 therefore their reduction would be beneficial. It is stated 11 that injection can reduce odour and ammonia emissions by 80-85% compared with the conventional splash plate spreader. Further reductions can be achieved through pre-processing of bio-solids (digestion and storage). Pain et al., 12 showed that anaerobic digestion of pig slurry reduced odour emission and intensity following surface application to grassland.
The objectives of this study are:
(1) to compare the performance of the improved tine with that of an existing shallow injector tine in terms of soil disturbance and penetration requirements; and (2) to determine whether significant reductions in odour and ammonia emissions associated with the application of bio-solids to a crop of wheat using current methods of application can be made by shallow injection with the improved injector tine.
Materials and methods

Injector tine design
Current shallow injection technology such as the Greentrac slipper foot injector tine, enables bio-solids to be placed at depths of between 50 and 100 mm. Existing shallow injector tines produce a narrow slot filled with bio-solid using a backward raked tine. Presswheels are available to improve slot closure, however these tend to squeeze the bio-solid onto the soil surface resulting in incomplete incorporation and crop damage. The improved design (Fig. 1a) incorporates wings and a small clearance angle, combined with an integral backward raked cutting edge and narrow shank. Soil deflectors above the wings promote soil movement around the sludge application tube. The slipper foot injector tine (Fig. 1b) creates a V shaped channel in the soil using a cutting disc, and a backward raked point, into which bio-solid is then placed through an application tube to the rear. 
Soil bin evaluation of injector tines
The force and disturbance characteristics of both the Greentrac slipper foot, and the improved injector tines were established in the soil bin laboratory at Silsoe College. The soil bin comprises a rectangular tank 2 m wide, 13 m long and 1 m deep. A processor unit runs along tracks above the soil surface and houses implements for preparing the soil in layers. The processor unit is also used to pull implements through the soil by means of a height adjustable mounting plate at one end of the unit. A flat roller housed within the processor unit is used to compact the soil. The soil surface was prepared in 50 mm layers to a depth of 300 mm, with six passes of the flat roller being applied to each layer. This resulted in a soil surface with a constant bulk density of approximately 1400 kg/m. A small amount of water was applied to each layer after compaction to enable a moisture content of between 9 and 10% to be maintained. The soil bin is filled with a Cottenham series sandy loam soil and a mechanical analysis 13 of this soil is presented in Table 1 . The injector tines under evaluation were attached to the processor unit using an extended octagonal ring transducer, 14 the output of which was passed through an amplifier and a recorder. Each tine was pulled through the soil at four depths, replicated three times, at a constant speed of 0)55 m/s to coincide with the speed of operation in the field. Draught and vertical force requirements were recorded. The disturbed soil profile above the original soil level (termed ''upper'' surface profile) and the lateral soil failure boundary below the original soil surface (termed ''lower'' surface profile), was recorded using a miniature soil profile meter. The soil profile measurements enable estimates to be made of additional pore space available for the deposition of bio-solid, and verification that the desired application rate of 50 m/ha can be achieved.
Field application of bio-solids
Each set of experiments was carried out on an area of sandy loam land within the same field boundary at Silsoe College Farm. Three methods of application were used for each set of tests; surface, slipper foot tine, improved winged tine with enhanced soil mixing and a control comprising no application. The depth of injection was controlled by adjusting the different spring configurations available on the injector linkage, such that both injectors were operating at approximately 50-60 mm. Bio-solids were applied using Greentrac shallow injection equipment, which allows the tine sufficient vertical and lateral freedom to negotiate obstacles. Bio-solids were supplied from a tanker via an umbilical hose specially adapted for plot application to avoid crop damage. The constant displacement pump on the tanker and forward speed of injection were adjusted to ensure that an application rate of 50 m/ha was maintained for all tests. Each individual plot was 10 m long and 3)5 m wide. A randomized block design ( Fig. 2) , was used for both sets of experiments to enable soil variability within the experimental plot to be accounted for. Manoeuvrability of the injection equipment within the constraints imposed by the sampling equipment necessitated two passes across the trial plot. The first pass (Fig. 2 , run 1) commenced using the improved injector tine. Prior to the commencement of the second pass (Fig. 2 , run 2), the machine was fitted with the slipper foot tines. Surface applications were made using a dribble bar technique, such that the injection implement was operated above ground level, with bio-solids being applied through the slipper foot injector tine without any soil contact. Immediately following the application of biosolids to each plot, wind tunnels were positioned over the application area and sampling commenced. Odour samples were sent by courier to the odour laboratory for subsequent analysis within 24 h of application. The first set of experiments was carried out in November 1996 using anaerobically digested sewage sludge applied to an established crop of winter wheat. The second set of tests were conducted using pig slurry, applied to an established crop of spring wheat. To enable reliable comparisons to be made, the growth stage of both crops at the time of injection was between GS 22-26. Samples of DW " quantity as a proportion of dry weight.
bio-solids used in each set of experiments were taken to the laboratories of Anglian Water for nutrient analysis (Table 2) .
¼ind tunnels
Ammonia volatilization was monitored for 4 d following application of anaerobically digested sewage sludge in November and pig slurry in May using a system of small wind tunnels, 15 each covering an area of 1 m, with windspeed through the tunnels set to 1 m/s. The concentration of ammonia in the air entering and leaving each wind tunnel was measured using absorption flasks (''bubblers'') containing orthophosphoric acid. The loss of ammonia from the area beneath the tunnel was calculated as the product of the volume of air which flowed through the tunnel and the differences between the concentrations of ammonia in the air entering and leaving the tunnel. Ammonia concentrations in the ''bubblers'' were determined using automated colorimetry.
Odour samples
Air samples for odour concentration measurement were collected in 30 l nalophane gas sampling bags with stainless-steel connectors. Samples were collected using the lung principle, whereby a pressure vessel containing the sampling bag was evacuated so that sample air was drawn directly into the bag without passing through a pump. The bag filled over a period of 3-5 min. Samples were collected via ptfe tubing connected to the outlet air sampling point of the wind tunnel. Samples were taken 5 min and 24 h after application for both sets of tests.
Olfactometry
Odour concentration (the number of dilutions of odorous air with odourless air at which 50% of a panel of observers can just detect an odour) was measured using two dynamic dilution olfactometers (Project Research Amsterdam BV). Equipment and procedures used conformed to the guidelines of the European standard for dynamic olfactometry currently being drafted by the Committe´Europe´en Normalisation working group CEN/TC264/WG2 ''Odours''. Each olfactometer had two sniffing ports and was of forced choice type, with odourless air being presented to the panellists through one port and diluted odorous air through the other. For each presentation, each panellist was required to indicate via a keyboard which port contained the odorous air and the certainty of their choice (guess, inkling or certain). A panellist scored correctly only if they indicated the correct port and were certain of their choice. A range of at least five dilution steps, each differing from the next by a factor of two, was presented to the panellists in steps of ascending concentration, the whole range being presented twice. Panellists' individual thresholds were calculated as the geometric mean of the highest dilution at which they consistently scored correctly, and the lowest dilution at which they scored incorrectly. The group threshold (which equates with the odour concentration) was calculated as the geometric mean of individual panellists thresholds, following exclusion of individual thresholds which differed from the group by more than a factor of five.
Results and discussion
¹ine performance
The results of the soil dynamics laboratory tests on the injector tines are illustrated in Fig. 3 . Both tines exhibited similar draught force performance (Fig 3a) . The slightly increased width of the improved injector compared with the slipper foot injector compensates for any advantage obtained by utilizing the narrow shank on the improved injector tine, additionally, the integral cutting edge of the improved injector tine is thought to be comparable in draught force requirement to the cutting disc used by the slipper foot tine. However, a lower vertical force requirement for the improved tine was observed as a result of the wings, illustrating the tines, ability to penetrate and maintain depth without the need for significant downward applied force (Fig. 3b) . Soil disturbance profiles obtained in the soil dynamics laboratory are presented in Fig. 4 and are typical of the narrow channel produced by the slipper foot injector as a result of the backward raked slot cutter, and the improved soil mixing produced by the improved injector tine due to the incorporation of low clearance angle wings. The width of soil disturbance between the injectors is similar; however, the absence of the slot in the improved tines disturbance profile implies better soil mixing. Similar profiles were observed during field experiments. The slipper foot injector tine produces a narrow channel which is filled with bio-solid, and hence not fully incorporated into the soil, the upper surface of which is exposed to the atmosphere (Fig. 5a) . Incorporation into the soil using this method is less than optimal. The improved injector tine creates a less well-defined channel, the wings of the tine promoting soil mixing, resulting in less exposure of bio-solids on the surface following application (Fig. 5b) . The volume of additional pores was calculated from the profiles for each injector. It was found that both injectors were potentially capable of achieving an application rate of up to 75 m/ha based on a 0)2 m injector spacing. However, if the area within the slot is considered as undesirable for bio-solid application, the slipper foot tine would only create voids sufficient for a maximum application rate of 35 m/ha compared with 60 m/ha for the improved injection system.
Fig. 4. Soil disturbance characteristics of (a) the greentrac slipper foot injector tine, and (b) the improved injector tine after passage at 0)55 m/s through a sandy loam soil under soil bin conditions
Bio-solids properties
An analysis of the bio-solids used for each experiment is presented in Table 2 . The analysis shows that the pig slurry contained almost twice the amount of nitrogen and ammonia compared with sewage sludge, with a larger percentage of solids present in the sewage sludge although the consistency of the different bio-solids used was similar. Differences in the levels of metals within the samples can also be observed. In the context of this experiment the primary concern is with the nitrogen and ammonia content.
Odour concentrations
Immediately after application
The results of the odour concentration experiments, illustrated in Fig. 6 , show that immediately after an application of anaerobically digested sewage sludge, there were no significant differences between methods of application, with all concentrations being weak, and some too weak for valid measurement. A valid measurement is one which contains at least 8 data points. As each concentration is presented to six panellists twice, it is possible for two panellists to score incorrectly at each presentation and still obtain a valid measurement. The smallest dilution possible with the olfactometer was ;10. Typically, background concentrations (normal air upwind of the trials, uncontaminated by sludge or slurry) of odour lie in the range 50-150 ou/m and so results in Fig. 6a indicate that odour emissions following a typical application of anaerobically digested sewage sludge are very low regardless of the method of application. Odour concentrations immediately after application were not significantly different, at the 95% level, between application methods when using pig slurry, although there was evidence that concentrations were lower from the improved injector tine with statistical significance at the 85% level. Variability between blocks following the May application of pig slurry was quite high (cv"43)8%), but less than in the November experiment with sewage sludge (cv"53)3%). Given the degree of variation experienced during this experiment, it was calculated that over 120 replicates would be required to produce a significant difference between treatments when using sewage sludge, but this could be reduced to 37 replications when using the pig slurry. A simple formula was used to calculate the degrees of freedom required to observe a significant difference between odour concentrations using the slipper foot tine and the improved tine:
(n where: residual"error mean square,¸the difference between means and n the degrees of freedom. Residual values were 758)3 and 3085 for sewage sludge and pig slurry, respectively. Considering the cost of odour testing using olfactometry, it would not be economically viable to pursue a significance at the 95% level when comparing methods of shallow injection of biosolids. Control values were excluded from the statistical analysis of the pig slurry tests due to one missing value resulting from a deflated bag and one very high value resulting from accidental runoff from another plot. In addition, due to the direction of the wind at the time of 390 testing in May, it is possible that cross contamination between plots 3 and 4 may have resulted in an unnecessarily high concentration for the improved tine in plot 4. Concentrations from surface applied slurry were lower than may have been expected compared with values from pig slurry spread on grassland.
12, 16 It is likely that this was due to the slurry infiltrating very quickly into the soil; however the presence of crop cover, preventing rapid odour release, may also have contributed to the results obtained.
¹wenty-four hours after application
Results from odour concentrations taken 24 h after application (Fig. 7) , indicate no significant differences between methods of application and are similar to control concentrations for both sewage sludge and pig slurry. This indicates that after 24 h, there is likely to be no odour nuisance resulting from the application of biosolids to an established arable crop.
Ammonia emissions
After application of sewage sludge in November, high inlet concentrations of ammonia were experienced on some plots, resulting in negative emissions. At the time of testing in November, freezing temperatures occurred at night resulting in the acid in some ''bubblers'' freezing despite being insulated with pipe lagging. This may explain, to some extent, the degree of variability observed during the experiment. The variability of the results from this experiment reduced the possibility of obtaining statistically significant differences between methods of application (Fig. 8a) . Although not significant, however, the results show a trend towards reduced emissions following application by shallow injection rather than surface application, with the possibility of further reductions in emissions using the improved injector tine. When the experiment was repeated with pig slurry in May, a significant difference in ammonia emissions (at the 95% level of confidence) was observed between surface application and shallow injection (Fig. 8b) . However, no significance between the two methods of shallow injection was observed, although a significant trend towards reduced emissions using the improved injection system was found. A parallel curve analysis was carried out on the pig slurry ammonia data. It was found that a common curve could be fitted to both the control data and the improved data (Fig. 9a) , indicating no significance between the trends of the two data sets (Table 3a) . The curves fitted to the data followed an exponential equation:
y"A#BRV An identical analysis was carried out to compare the control data to ammonia emissions using the slipper foot injection system (Fig. 9b) , resulting in significantly different curve fits (Table 3b) , indicating a significant trend at the 95% level towards reduced ammonia emissions using the improved injection system. The significance of the trend for reduced ammonia emissions with the improved injection system, suggests that the use of this application method may impact less on the environment than the slipper foot shallow injector used in this experiment.
It was calculated that the total nitrogen applied to each plot using sewage sludge and pig slurry was 123)8 and 145)8 kg/ha, respectively. This corresponds to NH> -N availability for volatilization of 28)2 and 33)4 kg/ha, respectively. A 40% volatilization loss of the total applied NH> -N was observed after surface application, with significant reductions being observed following application using the Greentrac slipper foot equipment (10-15%) and the improved injection system (3-4%).
Emission of ammonia occurred at a fairly constant rate over much of the period following application of sewage sludge (Fig. 10a) for all application methods, due to the lower daytime temperatures experienced in November combined with the lower NH> -N content of this biosolid. With both pig slurry and sewage sludge, it is apparent that ammonia emissions may be reduced by using the improved injection system against the slipper foot injection system and surface application. The rate of loss of ammonia following the application of pig slurry was initially high with greatest losses being observed within 2 h of application; however, ammonia emission from the injection treatments occurred at a more constant, but much lower, rate over the sampling period as illustrated in Fig. 10b . Other authors 17 have experienced up to 85% of the total NH -N loss within 12 h; however, during these experiments only 48% of the total NH -N lost was observed during the first 12 h after application when pig slurry was applied on the soil surface. For shallow injection methods, under these conditions, it took up to 48 h for 50% of the total loss to be accounted for. It is thought that the presence of the established crop provided a sufficient barrier to reduce the rate of emissions within the small wind tunnels.
It is possible that reductions in ammonia emissions may cause an increase in the quantity of available nitrogen in the soil and hence increase its susceptibility to loss by leaching. Trials are being carried out at present to assess this issue; however, preliminary results suggest that the benefits gained through the reduction of ammonia volatilization are not lost through increases in the nitrate concentration of leached soil water.
Conclusions
1. The improved injector tine was found to encourage greater soil/bio-solid mixing compared to the commercially available injector tine. 2. Odour concentrations from an application of anaerobically digested sewage sludge in November were found to be similar to typical background concentrations (50-150 ou/m) indicating negligible odour nuisance. 3. Significant reductions in odour emissions, at the 85% level, were achieved with the improved injection system, following the application of pig slurry in May compared to surface application and Greentrac slipper foot injection methods. 4. Significant reductions in ammonia emissions were achieved using shallow injection methods rather than surface application, with a significant trend towards further reductions through the adoption of the improved injector system. 5. The degree of variability between treatments observed when comparing the performance of different shallow
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injection methods in the field was such that an uneconomical number of replications would have been required to obtain a high level of significance.
